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ABSTRACT 

The construction of optical interference bandpass fil- 

ters for the ultraviolet spectral region, from 120011 to 

3000x, is discussed. 

dielectric materials which are suitable for use in such 

filters. 

A survey is made of the metals and 

Three types filters are analyzed. (1) The conventional 

Fabry-Perot, or aluminum-dielectric-aluminum (i.e. M D M) 

filter. (2) The One-M filter, which consists of a single 

aluminum film surrounded on either side with dielectric 

stacks. ( 3 )  The augmented M D M filter, which has addi- 

tional dielectric films added to the basic M D M. Examples 

of both computed and measured transmittance curves are 

shown. 
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I. In t roduct ion  

The objec t ive  of t h i s  N . A . S . A .  grant  i s  t o  inves t iga t e  

methods of producing in te r fe rence  f i l t e r s  i n  the  u l t r a -  

v i o l e t  s p e c t r a l  region below 30002. 

produce f i l t e r s  f o r  t h i s  s p e c t r a l  region by using the  selec- 

t i v e  absorption of s o l i d  organic ma te r i a l s .  It i s  a l s o  

It i s  poss ib le  t o  

1 

poss ib l e  t o  use the  s e l e c t i v e  absorption of a s ing le  un- 

backed m e t a l  f i lm t o  produce a f i l t e r  i n  t h e  extreme 

u l t r a v i o l e t .  For example, Hunter, Angel, and Tousey have 

found t h a t  unbacked fi lms of indium o r  aluminum exh ib i t  a 

transmission "window" i n  the  region near  8008. 

t he  present  grant ,  we  have inves t iga ted  only f i l t e r s  which 

funct ion by in t e r f e rence  e f f e c t s .  The types of f i l t e r  a r e  

a r e  shown i n  Fig. 1: 

2 

However, i n  

(1) The Fahry-Perot, o r  M D M. 

(2)  The augmented Fabry-Perot. 

( 3 )  The one-My which i s  sometimes c a l l e d  an "induced 

t ransmi s s ion" f il t e r  . 
I n  t h i s  f igure,  t h e  metal  l aye r s  (which a r e  aluminum 

i n  a l l  cases)  are shown as  the cross-hatched f i lm.  It  i s  

ev ident  t h a t  t h e  transmission in  each case depends on the  

i n t e r f e r e n c e  e f f e c t s  i n  t h e  layers  and t h a t  t he re  a r e  one 

o r  m o r e  d i e l e c t r i c  f i l m s  ( i .  e. non-absorbing layers)  
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i n  each of t he  f i l t e r s .  I f  the f i l t e r  i s  t o  manifest  sub- 

s t a n t i a l  transmittance,  then each of t he  f i lm ma te r i a l s  

which i s  used i n  i t  must not  have an excessive amount of  

absorpt ion i n  the  s p e c t r a l  region i n  which the  f i l t e r  i s  

used. Therefore, i t  i s  appropriate  t o  survey t h i n  f i lm 

ma te r i a l s .  

11. Survey of Mater ia ls  f o r  U l t r a v i o l e t  F i l t e r s  

11-A. Metal F i l m s  

I n  order  t o  be used as a component l aye r  of a band-pass 

f i l t e r ,  a f i lm ma te r i a l  must possess two a t t r i b u t e s :  

(1) A s u b s t a n t i a l  peak t ransmit tance.  

( 2 )  A good r e j e c t i o n  a t  wavelengths outs ide  of t he  

pass - band region. 

3 A s  i s  pointed out by Berning and Turner, 

peak t ransmit tance i s  the  ne t  r ad ian t  energy flow, +. This 

i s  a funct ion of t he  thickness and o p t i c a l  constants ,  n and 

k, of t h e  film, a s  w e l l  as the admittance of t he  medium 

which surrounds the  f i lm.  However, f o r  a f i lm of given 

o p t i c a l  cons tan ts  and spec i f i ed  thickness,  t he re  i s  maxi- 

mum ne t  r ad ian t  energy flow, which i s  qmax. 

t ransmi t tance  of a f i l t e r  which contains  the  f i lm can never 

exceed qmax. 

a measure of t he  

The peak 

Consequently, t h i s  parameter i s  use fu l  i n  
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es t ab l i sh ing  an upper bound f o r  t h e  peak t ransmit tance of 

any f i l t e r  which contains  t h i s  f i l m .  

A parameter which i s  use fu l  i n  es t imat ing t h e  r e j e c t i o n  

of a f i lm i s  the  t ransmit tance of t h a t  absorbing l a y e r  

when i t  i s  surrounded on e i t h e r  s i d e  by a medium of u n i t  

admittance. I n  o the r  words, t h i s  i s  the  t ransmit tance of 

t h e  f i lm when it  i s  s t r ipped  from i t s  subs t r a t e  and i s  sur -  

rounded on e i t h e r  s i d e  with a vacuum. Although such a con- 

d i t i o n  i s  never achieved i n  p rac t i ce ,  t h i s  t ransmit tance i s  

nevertheless  a usefu l  c r i t e r i o n  i n  es t imat ing the  r e j e c t i o n  

of the  absorbing fi lm, when i t  i s  employed i n  a f i l t e r .  

There i s  usual ly  neg l ig ib l e  d i f f e rence  between t h e  t r a n s -  

mittance of t h i s  unbacked f i lm  and the  f i lm when it  i s  

attached t o  the  subs t r a t e .  

I n  the  s p e c t r a l  region from 20002 t o  30008, aluminum 

i s  not  only the  bes t  ma te r i a l  t o  use i n  o p t i c a l  one-M and 

M D M f i l t e r s  but i s  poss ib ly  t h e  only m e t a l  which can be 

used. However, t he re  remains t h e  question, "What m e t a l  

f i l m s  a re  bes t  t o  use i n  f i l t e r s  i n  t h e  s p e c t r a l  region 

below 20002?" I n  order  t o  answer t h i s  question, t h e  t r ans -  

mittance T1 ( f o r  

energy flow qmax 

and aluminum. 

an unbacked f i lm)  and maximum n e t  rad ian t  

a r e  computed f o r  f i l m s  of indium, gold, 
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Fig. 2 dep ic t s  T1 and II/ f o r  aluminum of thickness  max 

2002 and 5002. 

t o  150,000 cm-' (6668) .  

increase monotonically wi th  wave number. 

t h a t  aluminum i s  q u i t e  a usefu l  ma te r i a l  t o  use i n  a one-M 

o r  M D M type of f i l t e r  a t  wavelengths longer than 12008, 

but i t  does not  have s u f f i c i e n t  r e j e c t i o n  t o  be use fu l  a t  

s h o r t e r  wavelengths. 

num oxide on t h e  surface of the  aluminum i s  not  taken i n t o  

account i n  these ca lcu la t ions .  I t s  e f f e c t  would be t o  decrease 

s u b s t a n t i a l l y  t h e  peak transmittance.  

The absc issa  extends from 50,000 c m - I  (20002) 

Both t h e  t ransmit tance and II/ max 

It i s  concluded 

The e f f e c t  of t he  t h i n  l a y e r  of alumi- 

Fig. 3 shows t h e  computed qmax and T1 of a gold f i lm of 

2002 thickness .  

lengths,  but the  r e j e c t i o n  i s  no t  p a r t i c u l a r l y  outstanding. 

It  i s  concluded t h a t  t h i s  mater ia l  i s  unpromising as an op t i -  

c a l  f i lming ma te r i a l  f o r  t h i s  s p e c t r a l  region. 

Not only i s  the  II/ r a t h e r  low a t  a l l  wave- max 

Fig.  4 depic ts  computed curves f o r  T1 and II/ f o r  max 

indium f i lms of thickness 4002 and 10008. 

t r a l  region near  10008 (100,000 em-') does t h i s  ma te r i a l  

e x h i b i t  a reasonably l a rge  qmax and good r e j ec t ion .  

Only i n  the  spec- 

A t  

and T a re  near ly  equal and s h o r t e r  wavelengths, qmax 1 

hence t h e r e  i s  l i t t l e  promise of using t h i s  ma te r i a l  i n  a 

f i l t e r  i n  t h i s  region. 
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The results of the computations (shown in Figs. 2, 3 

and 4 )  indicate that there is not much hope of combining 

interference effects in films of aluminum, indium or gold 

to produce band-pass filters in the spectral region below 

10008. 

The curves of T1 and qmax, were computed by inputting 
4 the optical constants obtained from W. R. Hunter , of the 

U. S .  Naval Research Laboratory into the 7074 digital com- 

puter. 

it is possible to find the T1 and -+ max for any metal film, 
provided its optical constants, n and k, and its thickness 

It is desirable to generalize this analysis so that 

(expressed in wavelengths) are known. 

The contrast of a film is another useful parameter. 

This is a measure of the effectiveness of the film at 

rejecting the wavelength region outside of the pass-band. 

The contrast is defined as: 

where q 

mittance of an unbacked thin film which is surrounded on 

has been defined previously and T1 is the trans- max 

either side with a vacuum. This T was computed for 

aluminum, indium, and gold and is shown in Figs. 2, 3, and 4. 
1 
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It is useful to have available curves which give qmax, 

and the contrast in terms of the n and k for a film of given 

thickness. Figures 5, 6, 7 and 8 depict contours of @ 

and contrast versus n and k for thickness-wavelength ratios 

of 0.05, 0.1, 0.15 and 0.20, respectively. As an example 

of the use of these tables,let us investigate whether a 

copper film would be a useful material to incorporate in a 

filter in the wavelength region near 11008. We assume the 

thickness of the copper film is 2202. 

measurements of Canfield and Hass5 the optical constants 

of copper at 11008 are n - ik = 1.0 - i 0.75. 
thickness to wavelength ratio, d/h, is 220/1100 = 0.20, we 

utilize Fig. 8. At first glance, the properties look 

max 

According to the 

Since the 

is nearly 40%. However, although this promising ; the %nax 

film has a substantial $max, the contrast is quite small, 

with a value of approximately 1.6. Hence, copper would 

definitely not function well as the metal film in a filter 

in this region. 

Another convenient method of presenting these data is 

to plot qmax and contrast on the same graph for specified 

contours of n and k. As in the previous cases, the thick- 

ness-wavelength ratio, d/A, i s  constant for a given graph. 
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Figures 9, 10, 11 and 1 2  dep ic t  such p l o t s .  The ch ief  value 

of such a graph i s  t h a t  i t  immediately def ines  t h e  range 

of n and k values which the  m e t a l  f i lm must have t o  provide 

a given con t r a s t  and 7 )  For example, suppose t h a t  w e  

determine t h a t  t he  r a t i o  d / r  i s  0.20. This might be d ic -  

t a t e d  by the  f a c t  t h a t  t he  th innes t  metal  f i lm which can 

be evaporated i s  about 1006: i n  thickness.  

a t  short  wavelengths, as  f o r  example a t  5006: i n  the  extreme 

u l t r a v i o l e t ,  d/> must be g r e a t e r  than 0.20. It i s  seen 

from Fig. 1 2  t h a t  i f  w e  specify t h a t  qmax must be 10% and 

t h e  con t r a s t  be 100 o r  grea te r ,  t h a t  t h e  n of t h e  m e t a l  

must be 0.8 o r  g r e a t e r  and t h e  k should exceed 3 . 0 .  Thus 

i t  i s  possible  t o  examine t h e  measured o p t i c a l  constants  

of actual metals and see i f  they could be u t i l i z e d  i n  f i l t e r s .  

max' 

This means t h a t  

11-B. D i e l e c t r i c  Mater ia ls  f o r  U.V. F i l t e r s  

I n  t he  foregoing sect ion,  t h e  p rope r t i e s  of var ious 

metals  were considered. However, a l l  of t h e  band-pass 

f i l t e r s  which we  d e s i r e  t o  f a b r i c a t e  have a t  least  one 

d i e l e c t r i c  f i lm i n  them. The one-M and t h e  augmented M D M 

type f i l t e r s  requi re  t h a t  w e  have a t  l e a s t  two d i e l e c t r i c  

ma te r i a l s  which can be used i n  t h e  f i l t e r .  These ma te r i a l s  

should have the  l a r g e s t  poss ib l e  mismatch i n  r e f r a c t i v e  
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index. What dielectric film materials can be used in the 

spectral region below 25002? 

Some possible materials are: 

(1) Lithium fluoride 

(2) Calcium fluoride 

( 3 )  Cryolite 

( 4 )  Magnesium fluoride 

(5) Thorium oxyfluoride 

(6) Magnesium oxide. 

The properties of each of these materials are briefly 

considered: 

Both lithium fluoride and calcium fluoride transmit 

down to short wavelengths, but they have one serious draw- 

back. When they are deposited as a thin film, they fonn 

a "transition layer" at the substrate, which lowers the 

reflectance of the film and makes its thickness difficult 

to monitor in the vacuum while it is being deposited. 

Lithium fluoride has the disadvantage of being slightly 

water-soluble. 

Cryolite does not form such a "transition layer", 

but is still as water soluble as the LiF. Its transmittance 

is shown in Fig. 13. Magnesium fluoride is considerably 
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more durable and evidently transmits to wavelengths near 

13008. 

The optical properties of magnesium oxide have been 

investigated by Apfel, who found that it is transparent 6 

to zooo2. 

The transmittance of a quarter-wave film (at 25368) 

of thorium oxyfluoride is shown in Fig. 13. Both this 

material and the cryolite were obtained from Balzers 

Aktiengesellschaft, Liechtenstein, and both have been out- 

gassed in a vacuum. 

pressure of less than 10 

electron gun. The substrate is a polished lithium fluoride 

blank obtained from the Harshaw Chemical Company, Cleveland. 

In each case, the thickness of the film is a quarter-wave 

optical thickness at 25362. 

These materials were deposited at a 
-5 torr by evaporation using an 

After these films were deposited, some of the lithium 

fluoride blanks were examined under a microscope and it was 

found that the "polish" imparted by Harshaw is quite poor-- 

and in fact the surfaces look as though they had been ground, 

rather than polished. 

tively low transmittance could be attributed to the scat- 

tering from the LiF blanks. Also shown in Fig. 13 is the 

There is a possibility that the rela- 
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transmittance of the uncoated LiF blank (with the Harshaw 

"polish"). 

LiF as measured by Heath and Sacher.7 

Shown for comparison is the transmittance of 

It is concluded that 

the absorptance of films of cryolite and thorium oxyfluoride 

in this spectral region is a property of the films and 

cannot be attributed to the poor polish of the substrates. 

There still remains the question--what is the absorptance 

of thorium fluoride? Evidently there is little difference 

in the chemical properties of thorium fluoride and thorium 

oxyfluoride and an x-ray analysis of the crystal structure 

is the bestway to differentiate between the two compounds. 

111. M D M Filters 

The simplest type of filter which can be fabricated 

is the metal-dielectric-metal "interference" filter. Numer- 

ous commercial firms now manufacture this type of filter. 

During the tenure of this grant, several filters of this 

type were produced for the following reasons: 

(1) A s  a check on the optical constants. This filter 

is an extremely simple design and consequently when depos- 

iting it there is little opportunity to deposit a wrong 

thickness. The computed transmittance curves rely on the 
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tables of the optical constants (as a function of wavelength) 

which are used in the computer program. 

constants are actually representative of the aluminum films 

which we are depositing, then the experimental and computed 

transmittance curves should be similar. 

If these optical 

(2) It appears that in the region of the spectrum 

below 15008 it is difficult to build up a dielectric "stack" 

and hence this is the only type of filter which can be used. 

The optical constants of aluminum which are used in 
4 our computer program were supplied by W. R. Hunter of the 

U.S. Naval Research Laboratory. In order to check the 

accuracy of our monitoring of the thickness of the aluminum 

layers and also to ascertain that the aluminum is being 

evaporated under vacuum conditions similar to Hunter's, 

R. Maier prepared a conventional M D M filter. 

depicts the computed and measured transmittance of this 

filter. 

the second surface reflectance l o s s  of the quartz substrate. 

The agreement between the computed and measured curves is 

not unreasonable. This strengthens our confidence that 

the conditions in the vacuum under which we are depositing 

aluminum, are similar to those of Hunter. 

Figure 14 

The computed transmittance is not corrected for 

As another example of some M D M filters, Figs. 15 and 

16 show the spectral transmittance of M D M filters on a 
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Supras i l  and a L i F  subs t ra te ,  respec t ive ly .  The d i e l e c t r i c  

spacer  between the  aluminum laye r s  i s  c r y o l i t e  and i s  f i r s t  

order.  

i n  approximately two seconds a t  a pressure  gauge reading of  

The aluminum (estimated thickness  1502) w a s  deposi ted 

t o r r .  The t ransmit tance i n  Fig. 15 drops rap id ly  t o  

zero a t  16002 due t o  t h e  absorpt ion of  t he  quartz .  

of t hese  t ransmit tance curves w a s  cor rec ted  f o r  t he  i n t r i n s i c  

absorpt ion of t he  subs t r a t e .  

Neither 

Although the  peak t ransmit tance of these  f i l t e r s  i s  

adequate (compared t o  o the r  U.V. f i l t e r s ) ,  t he  width of  

t h e  transmission band i s  qu i t e  broad. I f  t h e  aluminum 

f i lms  were made t h i c k e r  t o  increase t h e i r  r e f l e c t i v i t y ,  

then the  spectral band width w i l l  narrow, but a t  t he  expense 

of a decrease i n  t h e  peak transmittance.  A b e t t e r  method 

of producing narrower band f i l t e r s  i s  t o  e i t h e r  use second 

o rde r  o r  higher order  spacer l aye r s  o r  t o  use more aluminum 

f i lms-0 i .e .  evaporate a M D M D M type of  f i l t e r .  

I V .  One-M Type of F i l t e r s  

The "one-M" type of u l t r a v i o l e t  f i l t e r ,  as  shown i n  

Fig.  1, c o n s i s t s  of a s i n g l e  aluminum l a y e r  which i s  sur -  

rounded on e i t h e r  s i d e  by d i e l e c t r i c  s tacks .  This f i l t e r  



is sometimes called a "metal spacer interference filter" 

or an "induced transmission" filter. A s  an ultraviolet 

filter, it has the advantages that: 

(1) The filter has a single pass-band at a short 

wavelength and has a substantial attenuation at longer 

wavelengths. 

(2) It is possible to obtain a relatively narrow band- 

width. However, the main disadvantage is that the filter 

contains many layers and the thickness of the layers in the 

center of the stack must be controlled with the utmost 

precision. 

In order to design a one-M type of U.V. filter, this 

procedure is followed: 

(1) The thickness of the aluminum film is chosen. 

For example, 300a is a reasonable thickness to use at 25008. 

If a thicker film were used, then the peak transmittance 

of the filter would be lower, although the attenuation at 

longer wavelengths would be increased. Also, if a thicker 

aluminum film is used, the matching stack of dielectric films 

becomes much more difficult to deposit because the optical 

thickness o f  the layers must be controlled with greater 

precision. 
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(2) After  t h e  thickness of t he  aluminum l a y e r  i s  

of t he  e n t i r e  T t o t a l ’  determined, t h e  t o t a l  transmittance,  

f i l t e r  i s  determined by the  admittance of t he  matching 

s tacks  on e i t h e r  s i d e  of t he  m e t a l  f i lm.  The matching 

s tacks  a r e  composed of d i e l e c t r i c  materials such as 

ThOF2 and c r y o l i t e ,  and a r e  shown i n  Fig. 17 .  

spec i fy  t h a t  t h e r e  i s  a s ing le  metal  f i lm  i n  the  cen te r  of  

t h e  f i l t e r ,  then the  admittance Y of t h e  matching s tacks  

i s  t h e  same. I f  the  r e f r a c t i v e  index of t he  inc iden t  medium 

(which i s  usua l ly  a i r )  and the r e f r a c t i v e  index of t he  

s u b s t r a t e  (which i s  quartz  i n  our f i l t e r s )  a r e  d i f f e r e n t ,  

then although the  design of  the  two s tacks  i s  d i f f e r e n t ,  

t h e i r  admittance a r e  s t i l l  i d e n t i c a l .  A s  i s  shown i n  

Fig.  17, t he  admittance of t h e  matching s tack  i s  measured 

a t  t h e  i n t e r f a c e  between t h e  s t ack  and the  m e t a l  f i lm.  

I f  we 

3 ( 3 )  Beming and Turner, who more than a decade ago 

devised a prototype one-M f i l ter ,  ‘ o u t l i n e  a procedure f o r  

computing the  admittance Y necessary t o  optimize the  t r ans -  

mi t tance  of t he  e n t i r e  f i l t e r .  A s  s t a t e d  i n  a foregoing 

paragraph, t he  T depends upon the  o p t i c a l  constants  

and thickness  of t he  metal l aye r  and the  admittance of t he  

t o t a l  

matching s tacks .  For a given metal  l a y e r  and a t  a s p e c i f i c  
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is a function only of the admit- Ttotal wavelength, however, 

tance, Y. It is possible to plot contours of a constant 

Ttotal 
a complex variable, 

as a function of the admittance, Y. Y is of course 

j 
Y = Y  + j Y  r 

112 where j = (-1) 

Since the range of the admittance is large, it is more con- 

venient to plot the admittance on a Smith Chart. Figure 18 

depicts contours of Ttotal for an aluminum film at 25368 

whose physical thickness is 2502. Once the admittance Y 

of the matching stacks is found, then the stack which would 

produce such an admittance is designed using graphical 

design techniques, such as the Smith Chart or the Kard Cal- 

culator. 

The transmittance of several one-M type filters is 

shown: Fig. 19 depicts the measured transmittance of a 

filter in which the matching stack is composed of cryolite 

and thorium oxyfluoride. The center aluminum layer has a 

thickness of 3002. 

in Fig. 20.  The thicknesses of all of the layers in this 

filter were monitored by reflection, with the exception of 

The computed transmission curve is shown 

the center aluminum film. The measured transmittance of 

this filter, shown in Fig. 19, corresponds closely with the 
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computed transmittance shown in Fig. 20. Although the experi- 

mental filter (Fig. 19) actually has two fewer layers than 

the computed design (Fig. 20), this should make only a small 

difference in their spectral transmittances. 

monitoring wavelength is at 25368, the peak transmittance 

Although the 

of the filter is at 26202. Part of this shift to longer 

wavelengths can be attributed to the fact that the angle 

of incidence of the beam in the optical monitoring system 

is 15'. 

the evaporation source when the intensity of the reflected 

light attained either a maximum or a minimum. Inevitably, 

one "coasts by" the minimum or maximum a small amount-- 

thus causing the film to deposit thicker. 

Also, the thickness was monitored by shuttering 

As another example of a one-M filter, a filter was 

evaporated which used lead fluoride and cryolite in the 

stack. Since the lead fluoride has a refractive index of 2.0 

at 25002, the matching stack can be composed of fewer layers 

than the matching stack of thorium oxyfluoride and cryolite. 

The single aluminum layer in the center of the stack is 

4008 in thickness. 

shown in Fig. 21. 

is to decrease the peak transmittance in the pass-band. 

However, the maximum attenuation (at T in Fig. 21) de- 

The transmittance of the filter is 

The effect of the thicker aluminum film 

min 



creases much more rap id ly  than does the  peak transmittance.  

Although the  measured minimum transmit tance of t h i s  f i l t e r  

i s  only 0.0015, as determined on t h e  Cary model 14 spectro-  

photometer, i t  i s  probably somewhat lower, due t o  the  i n f l u -  

ence of t h e  r e s idua l  s ca t t e r ed  l i g h t  i n  the  spectrophotom- 

eter.  Another i n t e r e s t i n g  f ea tu re  of t h i s  f i l t e r  i s  t h a t  

t h e  s p e c t r a l  width of i t s  pass-band i s  less than the  pass- 

band of t h e  s a m e  type of f i l t e r  which u t i l i z e s  thorium 

oxyfluoride and c r y o l i t e  i n  the  matching stack, as shown 

i n  Fig.  19.  The narrowing of t h e  pass-band i n  Fig. 2 1  can 

be a t t r i b u t e d  t o  t h e  d ispers ion  of t h e  r e f r a c t i v e  index 

of t h e  lead f luor ide .  Lead f l u o r i d e  has an absorpt ion 

edge a t  23008 and hence i t s  index i s  changing r ap id ly  

i n  t h i s  s p e c t r a l  region. 

An a t t e m p t  w a s  a l s o  made t o  depos i t  a one-M type of 

f i l t e r  which would t ransmit  a t  1849a. 

t h e  layers  i n  t h e  matching s t ack  of d i e l e c t r i c  f i lms of 

c r y o l i t e  and thorium oxyfluoride w e r e  monitored i n  r e f l e c -  

t i o n  using t h e  18498 emission l i n e  from a mercury discharge 

lamp. The i n t e n s i t y  of the  25362 l i n e .  Even though a 

f i l t e r  was used which a t tenuated  t h e  25362 l i n e  by a f a c t o r  

of 100, t h i s  a t t enua t ion  w a s  no t  s u f f i c i e n t  t o  evaporate 

the  f i n a l  matching stack of t he  f i l t e r ,  f o r  t h e  following 

reason. 

The thicknesses  of 
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This is the procedure which was followed to deposit 

the filter: 

(1) 

deposited on the quartz substrate. This is shown as "matching 

stack I" in Fig. 22.  The film thickness was controlled by 

reflection monitoring at 18492.  

intensity of the 25362 line did not interfere with the accurate 

thickness monitoring at 18492. 

( 2 )  

stack. Transmission monitoring was used to measure its 

thickness. 

( 3 )  

aluminum. The thickness of the films was determined by 

reflection monitoring of the aluminum at 1849a.  A s  the 

successive layers of the matching stack were deposited, 

the reflectance at 1 8 4 9 1  decreased. 

tion shown by the dashed line would typically result after 

five layers had been deposited. When the entire filter 

is completed, the reflectance at 1 8 4 9 8  should go to zero, 

as shown by the solid line in Fig. 22.  However, the reflec- 

tance at 25368 in either case is essentially unaltered by 

the addition of the matching stacks and is close to 85%. 

The matching stack (composed of cryolite and ThOF2) was 

Here, the small residual 

The aluminum layer was deposited on top of this matching 

The second matching stack was deposited on top of the 

In Fig. 22, the reflec- 
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The n e t  r e s u l t  i s  t h a t  the  component of t h e  25362 which 

"leaks" through the  f i l t e r  i n  f r o n t  of t he  photomult ipl ier  

becomes s t ronger  and s t ronger  i n  comparison wi th  t h e  

18492 as the  one-M f i l t e r  i s  completed. 

The one-M f i l t e r s  which w e r e  evaporated had an adequate 

peak transmittance (20%) but t h e  minimum transmission was 

poor (of t h e  order  of 2%). 

should have a t  least  a 1 O O : l  r e j e c t i o n  r a t i o  of t h e  minimum 

transmittance compared with the  peak transmittance.  

An acceptable  one-M f i l t e r  

V. Augmented M D M F i l t e r s  

An augmented M D M f i l t e r  has, i n  add i t ion  t o  the  two 

metal  l ayers  separated by a d i e l e c t r i c  Spacer, f u r t h e r  

d i e l e c t r i c  layers  added t o  e i t h e r  s i d e  of t h e  f i l t e r .  These 

addi t iona l  d i e l e c t r i c  l aye r s  can perform two use fu l  func- 

t i o n s  : 

(1) They can enhance t h e  r e j e c t i o n  of t h e  f i l t e r  i n  

a l imi ted  wavelength region. 

(2)  They can increase  t h e  peak t ransmi t tance  of t he  

f i l t e r  i n  i t s  pass-band. 

A s  an example of t h e  use of t h e  a d d i t i o n a l  d i e l e c t r i c  

l aye r s  t o  enhance the  r e j e c t i o n  of t h e  f i l t e r ,  supplementary 
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I 

layers were added to a conventionalM D M filter, which is 

designed to transmit at 18492,  in order to reject the 

2536x  emission line from a mercury lamp. 

transmittance of which is shown in Fig. 2 3 ,  essentially 

consists of a conventional Fabry-Perot aluminum-dielectric- 

aluminum filter with a quarter-wave stack superimposed to 

reject the 25362  line. A similar design could be easily 

used at other wavelengths. This filter was manufactured 

for use in an optical film thickness monitoring system 

which utilizes the 1849a  emission line of mercury. 

This filter, the 

The design of a M D M filter which has an enhanced 

peak transmittance is based upon the concept of the opti- 

mization of the net flaw of radiant energy through an 

absorbing film. 

earlier section of this report. In section I V Y  the 

lloptimum" design of a one-M type of filter is discussed. 

This concept is briefly discussed in an 

In this type of filter, once the thickness and optical 

constants of the metal film and the wavelength are specified, 

there is a systematic procedure by which a matching stack 

of dielectric layers is designed. 

followed, one maximizes the net flow of radiant energy 

through the entire filter, qmax. 

If this procedure is 

These same design con- 
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s ide ra t ions  can apply t o  f i l t e r s  which contain two o r  more 

m e t a l  l ayers .  The r e s u l t  i s  t h a t  the  maximum t ransmit tance 

of t h e  conventional M D M f i l t e r  can be considerably in -  

creased by adding s tacks  of d i e l e c t r i c  matching l aye r s  t o  

each s i d e  of t h e  f i l t e r ,  as shown i n  Fig. 24. I n  t h i s  

report ,  t h i s  l a t t e r  type of f i l t e r  i s  c a l l e d  a "transmit-  

tance-optimized" o r  simply a "T-optimized" M D M f i l t e r .  

Although t h i s  type of f i l t e r  design i s  suggested i n  a 

previous publ icat ion,  t o  t h e  b e s t  of our knowledge t h e r e  

are no published designs f o r  such a f i l t e r  f o r  t h e  u l t r a -  

v i o l e t .  

3 

Figure 25 depic t s  t h e  s p e c t r a l  t ransmit tance of t h e  

conventional M D M type of f i l t e r .  

c r y o l i t e  has a quarter-wave o p t i c a l  thickness  of 34902 and 

the  aluminum m e t a l  l a y e r  i s  1508 i n  phys ica l  thickness .  

The maximum transmit tance i s  43% and t h e  f u l l  width a t  

1 - T i s  3752. I n  a c t u a l  practice, a t h i c k e r  aluminum 2 max 

l a y e r  i s  usua l ly  use.d and hence t h e  band width i s  s l i g h t l y  

narrower. 

1508 l aye r  of aluminum i s  91%. 

of t h e  M D M (with 1508 of aluminum) could be as high as 

(91%)2 = 83%, i f  t h e  M D M were proper ly  matched w i t h  

The d i e l e c t r i c  l a y e r  of 

The max imum n e t  r a d i a n t  energy flow through a 

Hence t h e  peak t ransmi t tance  



25 

suitable dielectric stacks. The result is that the maximum 

transmittance of the M D M can be nearly doubled and a 

narrower band width can also be achieved. However, this 

advantage is offset by the increased complexity of the filter 

and the side-transmission bands in the neighborhood of the 

main pass-band. 

The procedure for designing an augmented M D M filter 

is as follows: 

(1) The aluminum film thickness is specified; this is 

l50g in this example. 

as "stack I" in Fig. 24, is designed s o  that the maximum 

net radiant flux is transmitted through the first alumi- 

num film. 

Then the matching stack, designated 

(2) A similar dielectric matching stack, shown as 

"stack 11" in Fig. 24, is designed for the second aluminum 

layer. Since one matching stack is bounded by air and the 

other stack by the quartz substrate, they are not identical, 

although the optical admittance of the two stacks is the 

same. 

(3 )  The phase shift upon reflection in the interior 

of the dielectric spacer layer is computed. 

thickness of the spacer layer is chosen so that a resonance 

The optical 
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condi t ion obta ins  a t  A 

e n t i r e  s tack i s  assembled and the  r e s u l t i n g  f i l t e r  i s  shown 

i n  Fig.  24: 

which i s  25362 i n  t h i s  example. The 
0, 

7 8 a i r  ( H  L) L" M D M L '  L ( H  L) quartz  

The H and L i n  t h i s  design represent  quarter-waves of thorium 

oxyfluoride (index 1.55 a t  25362) and c r y o l i t e  (index 1.36). 

The computed s p e c t r a l  t ransmit tance of t h e  r e s u l t i n g  f i l t e r  

i s  shown i n  Fig. 26. I t s  T of 80% i s  c lose  t o  t h e  o p t i -  

mum of 83%. Due t o  the  e f f e c t  of t h e  d i e l e c t r i c  s tacks  

on t h e  outs ide of t h e  aluminum layers ,  t h e  f u l l  width a t  

1 - T 2 max 

of 3758 f o r  t h e  M D M shown i n  Fig.  25. 

t h e  t ransmit tance o f  a s imilar  T-optimized M D M f i l t e r  

which uses lead f luo r ide  and c r y o l i t e  i n  t h e  matching s tacks .  

The peak t ransmit tance i s  64%, i n  comparison wi th  the  80% 

of t h e  f i l t e r  i n  Fig. 26. This d i f f e rence  i s  no t  due t o  

improper design of t he  matching stacks, but  can be a t t r i b u t e d  

t o  t h e  res idua l  o p t i c a l  absorpt ion i n  t h e  lead  f l u o r i d e  a t  

25008. Using t h e  d a t a  of Krebs, the o p t i c a l  cons tan t  of 

lead f luo r ide  a t  25362 i s  

though the absorption i n  t h e  lead  f l u o r i d e  i s  s m a l l ,  t h e  

max 

i s  reduced t o  802, i n  comparison wi th  t h e  f u l l  width 

Figure 27 shows 

8 

= n - j k  = 2.10 - j 0.02. Even 
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PbF2 f i lms are loca ted  i n  a p a r t  of t h e  f i l t e r  where the  

standing r a t i o  of t h e  e l e c t r i c  f i e l d  i s  l a r g e  and conse- 

quently the  s m a l l  absorption of t h e  f i lms is  enhanced. 

Another f e a t u r e  of t he  design shown i n  Fig. 27 i s  t h a t  t h e  

side-band transmission peak a t  3000a i s  much smaller than 

t h e  comparable design i n  Fig. 26. This can be a t t r i b u t e d  

t o  the  d ispers ion  of the  r e f r a c t i v e  index of t he  lead  f luor ide .  

The main advantage of t h i s  t-optimized M D M design i s  

i t s  improved peak transmittance.  I f  t h r e e  such f i l t e r s  

were ganged i n  series so  t h a t  t he  o p t i c a l  d e n s i t i e s  of t h e  

ind iv idua l  f i l t e r s  could be added, then a peak t ransmit tance 

of  (80%)3 = 51% would be a t t a ined .  However, t he  s i d e  t r ans -  

mi t tance  peaks would be suppressed t o  an o p t i c a l  dens i ty  of 

3 o r  4. The success of such a f i l t e r  would depend upon 

t h e  suppression of t h e  side-band transmission peaks. 

V I .  Conclusions 

(1) Based upon our present  knowledge of o p t i c a l  f i lm  

materials, it appears t h a t  most bandpass f i l t e r s  i n  t h e  

s p e c t r a l  region below 25002 w i l l  contain one o r  more aluminum 

l a y e r s .  
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(2) There i s  reasonable c e r t a i n t y  t h a t  Fabry-Perot 

type of bandpass f i l t e r  can be f ab r i ca t ed  a t  wavelengths 

down t o  140013. 

(3) I f  i t  i s  poss ib le  t o  depos i t  d i e l e c t r i c  materials 

which have a mismatch i n  t h e i r  r e f r a c t i v e  index and which 

are nonabsorbing, then it  i s  f e a s i b l e  t o  f a b r i c a t e  f i l t e r s  

of t h e  one-M design and a l s o  the  augmented M D M design. 

( 4 )  A method of designing t h e  one-M type of f i l t e r  

has been devised and successfu l ly  used. This method con- 

s i s t s  of p l o t t i n g  the  i so t ransmi t tance  contours on t h e  

admittance p l ane  and then f ind ing  the  admittance of a s u i t -  

ab l e  matching s tack.  

(5) A one-M type of f i l t e r  w a s  manufactured, which 

has a peak t ransmit tance of 55% (at  26102), a f u l l  width 

1 a t  - T 2 max m a x  of 558 and a f u l l  width a t  0 .1  T of 1302. 

( 6 )  A Fabry-Perot type of f i l t e r ,  i .e .  an M D My 

w a s  designed which had a d d i t i o n a l  d i e l e c t r i c  s t acks  added 

t o  enhance the  t ransmit tance i n  the  pass band. I n  a speci- 

f i c  example, t he  add i t ion  of t he  d i e l e c t r i c  s t acks  increased 

t h e  peak t ransmit tance from 43% t o  83% and t h e  spectral 

band width of t he  f i l t e r  w a s  narrowed from 3752 t o  808. 

However, t h i s  f i l t e r  e x h i b i t s  an ob jec t ionab le  long-wave- 

length  transmission "window". 
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Direction of future investigations: 

(1) The success of depositing multilayer band-pass 

filters largely depends upon the availability of dielectric 

film materials which are relatively absorption-free. Films 

of various materials should be deposited to determine their 

optical properties in the spectral region from 12002 to 

25002. 

(2) Efforts should be made to fabricate one-M filters 

for the spectral region down to 14002. 

( 3 )  The properties of the augmented M D M filter 

should be investigated in more detail. At present, these 

designs have the advantage of having substantially higher 

peak transmittance than the conventional M D M filter, but 

exhibit an undesirable "leak" in the transmission on the 

long wavelength side of the passband. This should be 

eliminated. 

( 4 )  Finally, there are a myriad of experimental tech- 

niques which need to be perfected in order to deposit fil- 

ters for the ultraviolet region, from 12002 to 25002: the 

perfection of optical monitoring systems, investigation of 

methods of depositing aluminum and dielectric thin film 

materials, and the changes in the optical properties of 
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such t h i n  f i l m  ma te r i a l s  caused by a change i n  the  

conditions of evaporation. 
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Captions to the figures 

1. The various types of bandpass filters which are used 

in the ultraviolet region: The M D My the augmented 

M D My and the one-M. 

and transmittance qmax’ 2. Computed maximum energy flow, 

T1 of an unbacked film of aluminum of thickness 200x 

(dashed curve) and 5008 (solid curve). 

and transmittance qmax, 3 .  Computed maximum energy flow, 

T1 (of an unbacked film) of a gold film 2002 in thick- 

ness. 

and the transmittance qmax 4. Computed maximum energy flow, 

T (of an unbacked film) of films of indium of thick- 

ness 400A (dashed curve) and 10002 (solid curve). 
1 

0 

5. Contours of qmax and contrast as a function of the 

optical constants, n and k, of a filmof physical thick- 

ness 0.05 wavelengths. 

6. Contours of and contrast as a function of the max 
optical constants, n and k, of a film of physical 

thickness 0.10 wavelengths. 

7. Contours of qmax and contrast as a function of the 

optical constants, n and k, for a film of physical 

thickness 0.15 wavelengths. 
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8. Contours of qmax and contrast as a function of the 

optical constants, n and k, for a film of physical 

thickness 0.20 wavelengths. 

The contrast and qmax of a film 0.05 wavelengths in 

thickness. The contours of constant n and constant 

k are shown, where n - jk is the optical constant of 
the film. 

9. 

10. The contrast and of a film 0.10 wavelengths in 

thickness. The contours of constant n and constant 

k are shown, where n - jk is the optical constant of 

the film. 

The contrast and qmax of a film 0.15 wavelengths in 

thickness. The contours of constant n and constant 

k are shown, where n - jk is the optical constant of 

the film. 

max 

11. 

12. The contrast and q of a film 0.20 wavelengths in 

thickness. The contours of constant n and constant 

k are shown, where n - jk is the optical constant of 

the film. 

max 

13. The measured transmittance of coated and uncoated 

substrates of lithium fluoride 2mm in thickness, as 

measured on a MacPherson model 225 spectrophotometer. 
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(a) Bare LiF, Univ. of Roch. data. 
7 (b) Bare LiF, data from Heath 

(c) LiF overcoated with a cryolite film of quarter- 

wave optical thickness at 25362. 

LiF overcoated with a ThOFZ film of quarter-wave 

optical thickness at 25362. 

(d) 

In cases a, c, and d, the substrate is a polished LiF 

blank obtained from the Harshaw Chemical Company. 

14. Computed and measured transmittance of a filter of 

the design: air M D M quartz where M represents 

a l50a thick layer of aluminum and the cryolite spacer 

layer has an optical thickness of 8722. 

15. The measured transmittance of a M D M filter in which 

the M aluminum layers are 1 5 0 2  thick. The cryolite 

spacer was deposited by monitoring to a minimum 

reflectance on gold substrate at 25362. The filter 

substrate is suprasil quartz. 

16. The measured transmittance of a M D M filter which is 

substantially identical to the filter described in 

the caption to Fig. 15, but is deposited on a LiF 

substrate. 
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17. The basic design of a one-M type of bandpass filter. 

The admittance Y is measured at the surface of the 

dielectric matching stack. 

18. Isotransmittance contours in the reflectance plane for 

an aluminum layer 2502 in thickness, at a wavelength 

of 25368. 

19. The measured spectral transmittance of a one-M filter 

of the design Air (H L)6 H' M L' (L H)' Q 

where H, L represent quarter-waves at 25368 of thorium 

oxyfluoride and cryolite, respectively. H' is 0 .73  

of a quarter-wave and L'  is 0 .76  of a quarter-wave. 

The aluminum layer represented by M is 3008 in physical 

thickness and the substrate Q is Suprasil quartz. 

20. Computed spectral transmittance of a one-M type of 

filter. Its design is substantially identical to that 

described in the caption to Fig. 19. 

21. Measured spectral transmittance of a one-M filter in 

which the matching stack is composed of lead fluoride 

and cryolite. 

thickness. 

The aluminum layer M is 400x in physical 
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22. The spectral reflectance at various stages of manu- 

facture of a one-M filter. The partial filter in 

Fig. (a) consists of the inner matching stack and the 

aluminum film. In Fig. (b), the outer matching stack 

has been partially completed and its reflectance 

(shown as a dashed line) at 18492 decreases as addi- 

tional layers are added to it. 

The measured transmittance of an augmented M D M band- 

pass filter which is designed to transmit the 18492 

emission line of mercury and attenuate the 25362 

line. The substrate is quartz. The film material 

designated as ThF4 is actually ThOF2. 

The design of a T-optimized M D M filter. 

23. 

24. 

25. The computed transmittance, reflectance (from the air 

side) and net flow of radiant energy of a M D M band- 

pass filter. 

26. The computed transmittance, reflectance (from the air 

side) and net flow of radiant energy of a T-optimized 

M D M filter. 

physical thickness; L and H represent films of cryolite 

(index 1.36) and thorium oxyfluoride (index 1.551, 

The metal layer M is aluminum 1502 in 

respectively, of quarter-wave optical thickness at 
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25362. 

1.825, 1 . 7 1  and 0.816 of a quarter-wave of 25362. The 

The films L i ,  L i ,  and L '  are cryolite and are 3 

substrate is quartz. 

27.  The transmittance T and net flow of radiant energy q5 

of a T-optimized M D M filter deposited on a quartz 

substrate. The metal layer M is aluminum of 1508 

physical thickness; L and H represent quarter-waves 

at 25362 of  cryolite (index 1.36)  and lead fluoride 

(which has a dispersive index). The layers L', L", 

and S represent cryolite films of optical thickness 

0.848, 1.85, and 1.67  of a quarter-wave at 25362, 

respectively. 
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Figure 5 a .  \Clmax Contours on the Complex N Plane for d = 0.05X 
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Figure 5 b. Contrast Contours on the Complex N Plane for d = 0.05X 
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Figure 6 b. Contrast Contours on the Complex N Plane for d = 0. IOX 
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Figure 7a. \Clmox Contours on the Complex N Plane for d = 0.1 5X 
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Figure 7 b. Contrast Contours on the Complex N Plane for d = 0 . I 5 X  
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Figure 80. \Clmox Contours on the Complex N Plane far d = 0.20X 
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Figure 8 b. Contrast Contours on the Complex N Plane for d = 0.20X 
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Figure 9. Complex N Mesh on Contrast versus q m a x  Coordinates for 
d = 0.05x 
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Figure IO. Complex N Mesh on Contrast versus qmax Coordinates for 
d = 0.1OX 



Figure II. Complex N Mesh on Contrast versus q m a x  Coordinates for 
d = 0.15X 
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Figure 12. Complex N Mesh on Contrast versus \Clmax Coordinates for 
d = 0.20X 
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Figure 20. Computed Transmittance of a 1M Filter 
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